In this paper we study by means of the spin torque model the fast switching behavior of the Co͑20 nm͒ /Cu͑5 nm͒ /Co͑2.5 nm͒ magnetic multilayers of two different cross sections: ellipse ͑130ϫ 70 nm 2 ͒ and ellipse ͑130ϫ 40 nm 2 ͒. Simulations have been performed at zero and room ͑300 K͒ temperatures, these point out that the magnetization inversion occurs by nucleation processes in three main steps, for both structures. In particular, for zero temperature the third step of the switching depends on the value of the spin-polarized current. Furthermore, for all of the simulated currents the switching processes are thermally activated and smoother with respect to zero temperature. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2177049͔
Magnetization reversal by spin-polarized current introduces a mechanism for writing magnetoresistive random access memory ͑MRAM͒.
1-3 Recent experiments focus their attention on fast ͑nanosecond͒ switching processes with no applied field; 4,5 a pulse of current is applied and depending on its duration and amplitude, it drives or not the switching processes. 4 Although single domain models are useful to understand the general trends of the behavior of these devices, 6, 7 in some experimental works, multiple domain configurations and domain wall motion are invoked as the underlying cause of the observed magnetization dynamics. 8, 9 In this paper, we will focus our attention on nanopillars with a ferromagnet ͓free layer ͑FL͔͒ normal metal/ ferromagnet ͓pinned layer ͑PL͔͒ ͑FNF͒ geometry. When PL and FL are parallel ͓parallel state ͑PS͔͒, the structure presents low electrical resistance, while for PL and FL antiparallel ͓antiparallel state ͑APS͔͒ a high resistance state is observed. [1] [2] [3] [4] 8 We study how the spin-polarized current ͑SPC͒ drives a fast magnetization reversal in the Co͑20 nm͒ /Cu͑5 nm͒ /Co͑2.5 nm͒ multilayer of two different cross sections: S1 ͑ellipse 130ϫ 70 nm 2 ͒ and S2 ͑ellipse 130ϫ 40 nm 2 ͒. The spin torque model ͑STM͒ based on three-dimensional ͑3D͒ dynamical micromagnetic code which includes the SPC term has been used for the simulations. 10, 11 Recent time-domain measurements of nanomagnet dynamics driven by SPC confirm that the STM predicts the magnetization dynamics correctly. 12 In this paper, these have been computed by solving the Landau-LifshitzGilbert ͑LLG͒ equation that includes the Slonczewski term:
where M is the magnetization of the FL, H eff is the effective field, ␥Ј= ␥ / ͑1+␣ 2 ͒, ␥ is the electron gyromagnetic ratio, and ␣ is the dimensionless damping parameter. Regarding the SPC term, B is the Bohr magneton, J is the current density ͑positive when electrons flow from the FL to the PL͒, d is the thickness of the free layer, e is the electron charge ͑positive scalar͒, and P is the magnetization of the PL. The scalar function g͑M , P , ͒ was deduced by Slonczewski, 1 for cobalt is 0.35. 1 The effective field includes the following contributions:
where H exch , H ani , H ext , and H M are the standard micromagnetic contributions from exchange, anisotropy, external, and demagnetizing fields. The anisotropy constant of thin Co ͑k u ͒ is 1.74ϫ 10 5 J/m 3 obtained by fitting the frequency of microwave oscillations in similar nanopillars.
8,11 H Amp and H AF are the ampere field and the magnetostatic coupling between PL and FL.
10,11 Previous works show that both H Amp and H AF play a crucial role in the dynamics of magnetic nanostructures. 10, 11 A damping parameter ␣ = 0.005, a time step of 60 fs, and a cubic cell size of 2.5ϫ 2.5ϫ 2.5 nm 3 are employed.
We focus our attention on the fast switching behavior of the magnetization for zero applied field, performing the simulations in order to reproduce the main experimental features. 4, 5, 13 The zero temperature simulations show that the switching process occurs by means of a nucleation process for both structures; since the behavior is qualitatively the same, we point out the ones for S1. A/cm 2 Ͻ J Ͻ −0.8ϫ 10 8 A/cm 2 ͒, the nucleation can be described in three main steps: firstly, the applied current induces an oscillation of the spins at the boundary of the structure, giving rise to the formation of three domains, if the pulse duration and amplitude are large enough ͓Fig. 2͑a͔͒. Secondly, the two little domains at the boundary expand quickly, while the central domain size decreases ͓Fig. 2͑b͔͒. Finally, the last step of the switching occurs either by the expulsion of the central domain or it is confined inside the structure before and is finally destroyed ͓Fig. 2͑c͔͒. The simulations show different expulsion mechanisms. Starting by a SPC J = −0.8ϫ 10 8 A/cm 2 the expulsion occurs as shown in Fig. 3 , ͑top left͒, increasing the current before the central domain is expulsed in the left side of the structure ͑Fig. 3, top right, i.e., J = −1.5ϫ 10 8 A/cm 2 ͒ and then in the right side ͑Fig. 3, bottom left, i.e., J = −1.65ϫ 10 8 A/cm 2 ͒, these last two kinds of expulsion mechanism give rise to a metastable state. Increasing again the current, the expulsion occurs as shown in Fig. 3 ͑bottom right, i.e., J = −1.75 ϫ 10 8 A/cm 2 ͒. For higher values of current ͑i.e., J ജ −2 ϫ 10 8 A/cm 2 ͒ the third step of switching changes in the one of Fig. 2͑c͒ . The expulsion mechanism depends on the value of the current, it is a complex trade-off between the ampere field on one side and the torque of the SPC on the other. In order to confirm our conjecture, we have performed simulations with no ampere field; the inset of Fig.1 shows the temporal evolution of ͗m X ͘ from the PS to APS for the same values of current of Fig. 1 . The main qualitative difference is the third step of the nucleation process; it occurs by means of expulsion of the central domain as shown in Fig. 3 ͑top left͒ until a value of current J Ϸ −1.6ϫ 10 8 A/cm 2 for S1, and then it occurs in the same way as shown in Fig. 2͑c͒ . In fact, no metastable states are observed.
The effect of the temperature on the switching processes of these structures has been studied at room temperature ͑300 K͒. Considering that experimental data are well described by current dependent activation barriers that agree with the prediction of the LLG-based models, [13] [14] [15] we include in our micromagnetic simulations a thermal field as an additive random field to the deterministic effective field for 
14 In order to take into account the SPC terms in this formulation, the main hypotheses are that the spin torque does not contain a fluctuating field, the fluctuating field is independent of the spin torque, 13, 15 and the magnetization configuration of the PL is not affected by the temperature.
The thermal field H th is a random fluctuating threedimensional vector quantity given by
where k B is the Boltzmann constant, ⌬V is the volume of the computational cubic cell, ⌬t is the simulation time step, T is the temperature of the sample, 13, 15 and is a Gaussian stochastic process. The thermal field H th satisfies the following statistical properties: ͑dashed line͒, and J =−2ϫ 10 8 A/cm 2 ͑dotted line͔͒, averaged on 60 iterations. For all the simulated currents, the simulations confirm that the switching processes are thermally activated, in agreement with Refs. 13 and 16, but in disagreement with Ref. 4 . Some intermediate oscillatory magnetization states are suppressed by the thermal activation, giving rise to switching processes smoother with respect to the zero temperature itself. Furthermore, the thermal activation deletes the metastable state present for some values of current at zero temperature.
In summary, we have simulated fast switching processes using the STM based on a 3D micromagnetic model, which include the effect of the SPC. For the two structures studied and for the simulated currents at zero temperature, we found that the inversion of magnetization occurs by means of a nucleation process which depend on the value of the current. Furthermore, the switching is thermally activated and the magnetization inversion is smoother at room temperature. 
